Apparent and partial molar enthalpies at 298 K of the aqueous solutions of cationic gemini surfactants 1,1′-didodecyl-2,2′-trimethylenebispyridinium dichloride (12-Py(2)-3-(2)Py-12 Cl); 1,1′-didodecyl-2,2′-tetramethylenebispyridinium dichloride (12-Py(2)-4-(2)Py-12 Cl); 1,1′-didodecyl-2,2′-octamethylenebispyridinium dichloride (12-Py(2)-8-(2)Py-12 Cl); 1,1′-didodecyl-2,2′-dodecamethylenebispyridinium dichloride (12-Py(2)-12-(2)Py-12 Cl) were measured as a function of concentration and are here reported for the first time. The curve of the compound with the four carbon atoms spacer lies between those of the compound with spacer of 2 and 3 carbon atoms, not below the latter, as expected. This behaviour, we have already found for the same compounds here studied, but having methanesulfonate as counterion, is interpreted as an evidence of a conformation change of the molecule determined by stacking interactions between the two pyridinium rings, appearing at an optimum length of the spacer. The curves of apparent and molar enthalpies vs. concentration and surface tension measurements, here reported, show that this behaviour is independent on the counterion. On the contrary, the group contribution additivity for the counterion is respected, independently on the spacer length.
Introduction
It has been proved that gemini surfactants -i.e. surfactants in which at least two identical moieties are bound together by a spacer at the polar head level -show practical advantages over the monomeric ones owing to their increased surface activity, lower critical micelle concentration (CMC), and useful viscoelastic properties [1] [2] [3] [4] . Moreover, the cationic gemini surfactants show very interesting potentialities in pharmaceutical field. In fact, they have been proposed as noncovalent functionalization agents for carbon nanotubes-based formulations for drug delivery [5] and as non viral vectors in gene therapy [6] [7] [8] [9] , owing their multiple positive charges, suitable for binding and compacting DNA, and their superior surface activity. We are for some time collecting chemico physical, particularly thermodynamic, and biological data about homologous series of cationic gemini surfactants with the idea of correlating in a quantitative way their structure with their biological activity, particularly gene delivery ability [9] [10] [11] [12] [13] [14] . In this perspective, synthetic vectors present the advantage that their constituent parts can be quite easily modified, thereby facilitating the elucidation of structure-activity relationships. Following this idea we designed and synthesized new gemini compounds having, as polar head, two pyridinium groups, bridged together by an aliphatic chain [10] , in the assumption that the aromatic rings bearing the positive charges could facilitate the interaction with the DNA. We have already measured as a function of concentration the apparent and partial molar enthalpies of these compounds having the methansulfonate as counterion and we were amazed by their very peculiar behaviour as a function of the spacer length, never found before in the literature, not allowing for the determination of a -CH 2 -group contribution when this group is added to the spacer [13] . We interpreted this surprising behaviour as evidence of a conformation change of the molecule caused by stacking interactions between the two pyridinium rings, mediated by the counterion and appearing at an optimum length of the spacer. The question arises if the counterion plays some role in determining this unexpected behaviour. In fact, our previous studies [15] [16] have shown the strong influence of the counterions on the energetic of surfactant solutions. In order to answer this question, we synthesized the same family of compounds, having chlorides as counterions, whose solution thermodynamics is reported in the present paper.
Experimental Section

Materials
The series of bispyridinium cationic gemini surfactants under study was prepared by us, as described in ref. [10] . The compounds studied are the following: 1,1′-didodecyl-2,2′- 
Dilution enthalpies measurements
The enthalpies of dilution were measured by means of the Thermometric TAM (flow mixing cell) microcalorimeter, equipped with 221 Nano Amplifier, at 298 and 313 K. The freshly prepared surfactant solutions, kept before injection at the experimental temperature by means of a Heto cryothermostatic bath, were diluted into the "mixing" measuring cell of the microcalorimeter in a ratio 1:1 by using CO 2 -free water. The solutions and the water were injected by means of a Gilson peristaltic pump, Minipuls 2, and their flows were determined by weight.
Surface tension measurements
The surface tension, γ, was measured by using a Lauda (TE1C/3) digital tensiometer, equipped with the Du Noüy ring (Pt/Ir alloy (80/20), circumference: 60 ± 0.2 mm, wire diameter 0.4 mm, weight: 1.6 g). Sample temperature was maintained at 25.0 ± 0.1°C by using a circulating water thermostatic bath (ISCO GTR 2000 IIx). The data were corrected according to the Zuidema and Waters method [17] . The instrument was calibrated against double-distilled (and previously deionised) water, equilibrated against atmospheric CO 2 , each time measurements were done.
Because the dicationic gemini surfactants adsorb onto negatively charged glass surfaces, all glassware was thoroughly soaked with the solution to be measured; soaking solutions were discarded. The fresh solution was aged for several hours before surface tension measurement. Sets of measurements were taken at 15 min intervals until no significant change occurred, using a very slow ring rising velocity. These tactics ensure that the ring is completely wetted. Standard deviation of the surface tension measurements is less than 0.15 mN/m. The absence of a minimum in the γ vs log c (c is the concentration expressed in mol/L) plot in the post-cmc region showed that there was very little or no surface active impurity present in the final products.
Results
The experimental data were expressed in terms of apparent and partial molar quantities of the solute, as usual in solution thermodynamics, assuming infinite dilution as the reference state.
Apparent and partial molar quantities were obtained from the experimental data using methods stated in detail elsewhere [11] [12] [13] [14] [15] [16] 18] .
For the sake of clarity, we recall that, with reference to the state of infinite dilution, the molar enthalpy of dilution, ∆H d , is given by:
where L Φ is the apparent relative molar enthalpy and the indexes f and i stand for the final (after dilution) and initial (before dilution) concentrations, respectively.
For ionic surfactant in the premicellar region, the apparent relative molar enthalpy can be expressed by means of a polynomial of m ½ . Stopping the serial expansion at the third term we obtain:
where A L is the limiting Debye-Hückel slope for relative enthalpies accounting for the long range 
Surface Tension Measurements
The surface tension measurements (γ vs. log c) are reported in Table 1 and shown in Figure 3 .
By using the Gibbs adsorption equation (3) (vi) the cmc/C 20 ratio, i.e. the measure of the tendency to form micelles relative to the tendency to adsorb at the air/water interface.
The value of n (the number of species whose concentration at the interface changes with c) is taken as 2, although for divalent geminis (having 1 surfactant ion and 2 non surfactant counterions), the values of both 2 and 3 have been proposed [22] . For gemini surfactants, it was found that one of the two counterions is frequently firmly wedged in between the two charged headgroups, especially when the spacer is quite short [23] . While the use of a different n does not affect the general trend for surface areas, the last finding enabled us to use n = 2 with some confidence.
Discussion
With the aim of enriching the fundamental understanding on self-aggregation thermodynamics of gemini surfactants, we have already reported [13] the apparent and partial molar enthalpies at 298 K of the aqueous solutions of the homologous series of cationic gemini surfactants 1,1′-didodecyl-2,2′-alkylenebispyridinium dimethanesulfonates (further indicated as 1,1′-didodecyl-2,2′-alkylenebispyridinium MS), differing for the spacer length. They show a very peculiar behaviour as a function of the spacer length, not allowing for the determination of a -CH 2 -group contribution when this group is added to the spacer. The curve of the compound with spacer formed by four carbon atoms lies between those of the compound with spacer of two and three carbon atoms, not below the latter, as expected. We have suggested a conformation change of the molecule caused by stacking interactions between the two pyridinium rings, mediated by the counterion and appearing at an optimum length of the spacer. The hypothesis was also supported by the data obtained from the surface tension vs. log c curves, showing that A min , the minimum area taken on the surface by the molecule, is significantly lower for 12-Py(2)-4-(2)Py-12 MS than that of the other compounds of the same homologous series, and that the same compound has a greater tendency to form micelles instead of adsorbing at the air/water interface. To confirm our hypothesis and to understand the role played by the counterion, we decided to prepare the same class of gemini compounds, but changing the methanesulfonate counterion into chloride.
In general for ionic surfactants, the curves of the apparent and partial molar enthalpies vs. m, after increasing in the premicellar region, tend to level off at concentrations above the CMC, where they are almost parallel. The lowering of the curves in the micellar region, proportional, for the same counterion, to the number of carbon atoms in the alkyl chain and, in general, to the global hydrophobicity of the molecule, is attributed to the electrostatic interactions in micellar solutions.
The trends for the compounds with chlorides as counterions, having the same hydrophobic tail, but different alkyl spacer lengths, reported in figure 1 for the apparent and in figure 2 for the partial molar enthalpies, respect this general behaviour but still show the same very peculiar behaviour found in the case of methanesulfonates. In fact, the effect of the addition of a -CH 2 -to the spacer does not give rise to a monotonic change in the values of the enthalpies in the micellar region, not allowing for the evaluation of a group contribution for the -CH 2 -group for the shortest spacers.
We have outlined that it is difficult to foresee what should be the effect of the addition of a methylene group in the spacer because, from the data about monomeric surfactants, it is known that, if the -CH 2 -is added to the hydrophobic chain, it causes a lowering of the enthalpic curves of about -1.5 kJ mol -1 [15] , but, if it is added to the polar head, as in the case of dodecyldimethylethylammonium bromide (DEDAB) compared with dodecyltrimethylammonium bromide (DTAB), the effect is exactly the opposite, being very close to that obtained by shortening the alkylic chain by one methylene group [24] [25] . This effect is probably due to both a better charge delocalization and an increase in the size of the polar head, so that the charges are farther apart on the micelle surface of DEDAB than on that of DTAB. This is true for very short alkyl chain bound to the polar head. If the chain increases, the hydrophobicity effects prevail [26] .
Moreover, the trends of all the curves do not show any peculiarity in the range of concentration examined: this is to say that structural phase transitions in micellar solution do not occur. The trends of the chlorides seem to corroborate our hypothesis of a conformation change of the molecule: when the spacer reaches the right size, the molecule doubles up, like a book, due to stacking interactions between the two pyridinium rings, independently on the counterion (see figure 4 ). This arrangement is not possible when the spacer is too short (2 or 3 carbon atoms), because of the lack of enough conformational freedom, and when the spacer is too long, because the pyridinium rings are too far apart.
Moreover, the data presented in this work are further evidence of the role played by the counterion in determining the energetics of micellar solutions also in the case of the compounds under study, as shown in figure 4 . Some of us have already shown that, in the case of dodecyltrimethylammonium chloride (DTAC) and bromide (DTAB) [27] , the substitution of chloride ion by bromide ion leads to a significant change in the thermodynamic properties of solutions, comparable with that obtained by increasing the surfactant chain length by about three methylene groups. The behaviour of N-alkylpyridinium halides [28, 29, 30] , and of 1-methyl-4-octylpyridinium halides [31, 32] confirms the above described trend. Structural parameters of micelles, such as degree of counterion binding, β [27, 33, 34] and aggregation number, n [35] are also strongly dependent on the effective size of the hydrated counterion, both decreasing with the increasing radius of the bare ion [36, 37] .
The substitution of methanesulfonate by the chloride causes the lowering of the apparent and partial molar enthalpy curves in micellar region of an amount of about 6.1 kJ mol -1 in the plateau region, regardless of the length of the spacer, confirming the validity of the group contribution approach also for the counterion of the gemini surfactants, too.
In order to obtain the enthalpy change upon micellization, ∆H mic , we have applied a pseudo-phase transition model, in which the aggregation process is considered like a phase transition, taking place at equilibrium. In this model, it is assumed that, at the CMC, the partial molar properties present a discontinuity due to the formation of the pseudo-phase. The micellization parameters, obtained by extrapolating at the cmc the trends of the partial molar properties before and after cmc [11] [12] [13] [14] [15] [16] [17] [18] , together with the cmc values from conductometric measurements are reported in Table 1 .
The micellization enthalpies reflect the same trend described before, without possibility to extract a group contribution for the -CH 2 -in the spacer, and the same inversion between 12-Py(2)-3- is added to the spacer. We suggested that this surprising behaviour we have found for the same compounds here studied, but having methanesulfonate as counterion, is an evidence of a conformation change of the molecule determined by stacking interactions between the two pyridinium rings, appearing at an optimum length of the spacer. The curves of apparent and molar enthalpies vs. concentration and surface tension measurements, here reported for the chloride counterion, show the same trend and suggest that this behaviour is independent on the counterion and probably due to a different arrangement of the molecule inside the micelle and on the interphase surface, when the spacer is four methylene long. On the contrary, the group contribution additivity for the counterion is respected, independently on the spacer length.
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